IntroDuctIon
Physiological processes are guided by interactions between cells and their extracellular matrix, and this understanding has led to a growing interest in the development of material systems for improved 3D cell culture. In particular, hydrogel systems based on both protein components (e.g., collagen and Matrigel) and highly tunable synthetic chemistries (e.g., PEG) have evolved to address some of these needs [1] [2] [3] . However, as advances in real-time tracking of dynamic cellular functions have emerged [4] [5] [6] , complementary approaches to alter the surrounding extracellular environment in a user-defined and highly controlled manner are extremely limited. Such materials systems have the potential to significantly improve our understanding of how cells receive information from their microenvironments and the role that these dynamic processes may have in biological questions ranging from directing stem cell differentiation 4, 5 to understanding cancer metastasis 6, 7 . To realize this need for dynamically tunable culture systems, we recently developed an approach for in situ hydrogel property manipulation with light, allowing intimate control of a cell's microenvironment in both time and space 8 . These photoactive hydrogels afford unique user-defined manipulation of the biochemical and biomechanical nature of the extracellular microenvironment. The application of these photochemically tunable cell culture materials is of growing interest to a diverse audience of scientists and engineers 9, 10 . The goal of this article is to provide a detailed protocol that makes synthesis of these photolabile gels and related degradation techniques simple and accessible.
Here, we provide a step-by-step protocol for synthesis of the photolabile group and a photolabile monomer, which can be easily coupled to any primary amine-containing molecule. Subsequently, we provide the sequential protocol for synthesis of a photodegradable, PEG-based cross-linking monomer and a photoreleasable peptide tether, allowing the synthesis and manipulation of hydrogel cross-linking density and modulus or peptide presentation, respectively, during 2D or 3D cell culture. Finally, we provide detailed gel synthesis and degradation protocols, focusing on the manipulation of gel structure with photolithography or focused 405 nm light and subsequent verification of structural changes with a confocal microscope. Although protocols for synthesizing the photolabile group for solid-phase peptide synthesis (SPPS) or functional group (un)caging are available in the literature [11] [12] [13] , these protocols do not cover the details of synthesizing and degrading photolabile monomers and gels in the presence of cells. This article provides a universal protocol for synthesizing photolabile gels from the ground up, and our goal is to facilitate the translation of these systems for a broad range of cell culture applications. irradiation 12, 15 . In addition, the photolabile group has been used previously in the uncaging of fluorophores for live-cell imaging, indicating the cytocompatible nature of the photochemistry 14 . Similar nitrobenzyl photolabile molecules have been used in several different applications 11, 16 . These applications are growing in number and include the (un)caging of proteins 17 , reactive groups within hydrogels 18, 19 or adhesive ligands on culture plates 20, 21 to promote cell signaling, process extension or control cell attachment; they also include controlled degradation of hydrophobic, step-growth polymer networks 22, 23 , release of PEG from surfaces to modulate cell attachment 24 and in situ tuning of polyacrylamide gel modulus during 2D cell culture 25 . Recent work from our group 8 demonstrates how this photolabile group can be incorporated within water-soluble macromolecular monomers to create a versatile platform that allows manipulation of the gel's physical or biochemical properties in 2D 26 and 3D 8, 27 . To generate these photolabile hydrogels, we synthesized a photodegradable acrylate (PDA) monomer from the o-nitrobenzylether-based photolabile group. This small molecule monomer was coupled (i) to PEG-bis-amine to create a photodegradable cross-linking monomer for tuning gel cross-linking density and modulus or (ii) to a cell adhesion peptide sequence, RGDS, to create photoreleasable pendant functional groups for modulating cell integrin binding and adhesion at any position during 2D or 3D cell culture 8 . The cytocompatibility of the material and the degradation process has been examined with two cell types, human mesenchymal stem cells (hMSCs) and porcine valve fibroblasts (valvular interstitial cells, VICs); in both cases, high viability was observed with or without irradiation and degradation. With hMSCs, encapsulation in (i) photodegradable gels or (ii) gels with a photoreleasable RGDS led to high survival, and subsequent irradiation and degradation did not affect viability as measured by membrane integrity and DNA assays 8 . Similar results are reported for VICs cultured on photodegradable hydrogel substrates 26 . Thus, using either the photodegradable cross-linker or the biofunctional monomer, an adaptable culture system can be fabricated that offers simultaneous manipulation and monitoring of cell-material interactions in the presence of cells in either two or three dimensions.
Applications of the method
To date, these synthetic approaches have been used to create photolabile hydrogels based on PEG with or without pendant peptide functionalities. However, the chemistry is quite diverse and could be easily coupled with other macromolecules to make densely or loosely cross-linked networks, neutral or charged gels, or even more hydrophobic or hydrophilic material systems to achieve a broad range of properties. Beyond peptides, functional gels containing other small molecules, proteins or biological signals can be readily envisioned. Further, by varying the polymerization mechanism, we can design materials with controlled structures, surface functionalization or gradient properties. Because care was taken in the design of the monomer chemistry to insure cytocompatibility, we focus our discussion on how this protocol can be used for the creation of photodegradable or photoreleasing hydrogels for 2D and 3D cell culture and how it might be used to answer a diverse array of biological questions. Such questions include investigating the influence of cross-linking density and modulus on cell morphology, migration and differentiation; exploring how spatial and temporal control of integrin binding regulates cell survival, adhesion and differentiation; or quantifying the cell response to dynamic changes in the pericellular mechanics. Furthermore, this versatile hydrogel platform enables investigations of cellular phenomena in 2D culture for subsequent translation to 3D for probing differences in cell function between 2D and 3D cultures.
As cell culture systems, the photodegradable hydrogels presented in this protocol can be used for the real-time manipulation and monitoring of single and/or multiple cells. We have applied these photolabile hydrogels to (i) probe the influence of microenvironment modulus and dynamic changes in stiffness on cell differentiation 26 , (ii) investigate how matrix density influences cell morphology and process extension 27 and (iii) examine how the temporal presentation of ligands in a stem cell niche influences cell differentiation 8 . There is a growing appreciation of the role of a cell's microenvironmental context in dictating how cells respond to biological cues (e.g., soluble growth factors). For example, substrate modulus has been shown to influence cell differentiation 28, 29 and migration 30 , but in general, these materials have had static properties and less is known about how a cell would respond to dynamic changes 25, 31, 32 in its microenvironment. Photodegradable hydrogels afford spatiotemporal control of modulus during 2D and 3D cell culture (Fig. 1a) and present the opportunity to conduct unique experiments. For example, during 2D culture, valve fibroblasts were shown to activate into a wound-healing phenotype on high-modulus substrates and subsequently deactivate if the substrate modulus was softened by photodegradation 26 . This finding provides unique insight into the broader issue of fibrosis and demonstrates how these novel material systems allow a better understanding of factors (e.g., matrix stiffness) that may be used to reverse myofibroblast activation and potentially disease progression. This 2D approach could be expanded to release cells from a culture substrate uniformly or in any region by erosion of the underlying hydrogel surface or photorelease of an adhesive ligand (e.g., RGDS tether). This capability may be broadly applicable in tissue engineering, as the photolabile gel strategy provides a spatially unconfined, dynamic soft material complement to heatreleasable, poly(N-isopropylacrylamide)-based culture substrates for cell sheet tissue engineering [33] [34] [35] [36] or electrically releasable, patterned RGDS hard culture substrates for examination of cell-cell and cell-material interactions 37, 38 . Here, the position of cell release is not predetermined and can be dictated by the user on demand with irradiation, and the initial matrix modulus can be tuned with the initial cross-linker concentration and subsequently manipulated in situ with irradiation. This technique could also facilitate biological assays on subpopulations of cells in 2D or 3D culture, in which the user could release a subset of cells from the culture system for RT-PCR or FACS while leaving the rest of the population intact for further culture.
The ability to spatially and temporally regulate the hydrogel's cross-linking density and modulus allows one to explore many basic questions, including how cell morphology changes in response to the local polymer density or how cells sense local changes or gradients in modulus and migrate. Such information could prove beneficial to those seeking to expand or direct the differentiation of stem cells, understand mechanisms of migration or metastasis or even regenerate tissues. For example, hMSC morphology and spreading have been controlled in 3D culture by controlled gel photodegradation and spatially specific crosslinking density manipulation 27 . This strategy could be expanded to examine the effect of cross-linking density and modulus on more complex cell functions such as differentiation, process extension and signaling, and migration in three dimensions. In addition, advanced patterning techniques can be used to degrade micrometer-scale voids or channels around, between or under cells for directing cell process extension, migration or detachment (Fig. 1b) , and the resulting cell response can be imaged in real time. This same approach can be applied to cells cultured on the hydrogel surface (2D), on which dynamic modulus changes can be used to study and direct stem cell differentiation or examine phenotype plasticity. Gels with a gradient in modulus can be used to examine cell migration in response to the modulus magnitude or gradient steepness, but, more notably, the initial gradient can be eliminated or altered at any point during the experiment.
Triggering and monitoring a change in a specific cell-material interaction is particularly important for understanding and controlling signals within the stem cell niche (e.g., the role of structure and modulus in directing cell fate through mechanotransduction). Cell adhesion within the microenvironment might also be probed by controlled peptide presentation using photoreleasable tethers for the introduction as well as the removal of biochemical cues (Fig. 1a) . In particular, hMSC adhesion and chondrogenic differentiation were regulated within degradable PEG hydrogels when RGDS was temporally released at an appropriate time during 3D culture 8 . Such approaches can prove quite valuable for in situ regulation of cell adhesion in 2D or 3D culture. In general, we believe that these photolabile hydrogels will prove useful for testing hypotheses about the role of the cell environment in directing cell function. In addition to controlled presentation of peptides, this protocol can be used to create hydrogels that precisely release entrapped proteins through photodegradation 39 or cleavage of a photoreleasable tether, as has been done previously with hydrolytical 40 or enzymatical 41 materials. The advantage here is the spatiotemporal control afforded by light-based degradation, which can be used to screen the effect of different release rates on biological function in vitro or tuning release rates in situ.
Comparison with other methods
The protocol used for synthesis of the photolabile molecule is based on protocols originally developed by Holmes 12 and Akerblom et al. 13 This photolabile molecule was then acrylated and used to form a photodegradable cross-linker and photoreleasable tether, which are readily polymerized to form light degradable materials. Complementary synthetic approaches to the formation of the PDA monomer and the photodegradable cross-linker were recently presented by Wong et al. 42 with increased yield for the PDA. These monomer syntheses are carried out in different solvent systems, improving the recovery of PDA; however, currently, the resulting materials have not been demonstrated for use in cell culture.
For dynamic cell culture, several examples exist in which cells are cultured on 2D surfaces and the underlying properties are manipulated. For example, electroresponsive hard substrates for controlled adhesive ligand presentation 37, 38, 43 and thermoresponsive soft substrates for controlled swelling 34, 44 have been used to temporally regulate cell adhesion and release cells in predefined geometries. These materials represent two important, useful classes of 2D culture substrates with externally triggerable control of cell-material interactions. With the photolabile gels presented here, cells are cultured on an elastic substrate with a modulus similar to that of soft tissue types, such as collagenous bone or muscle, and the 2D substrate modulus or ligand presentation can be regulated at any position or time by in situ irradiation. Depending on the irradiation conditions, micrometer-scale resolution in the materials properties is achieved spatially, and the cleavage is complete in seconds to minutes, affording nearly instant property manipulation. For property regulation in three dimensions, few materials allow the tuning of properties in the presence of cells. One recent advance is temporally controlled cell spreading and morphology in three dimensions by the addition of cross-links with photopatterning 31 , which mitigates cell spreading indefinitely; another is the removal of cross-links with ion concentration 32, 45 , which facilitates cell spreading over a few days in culture. With photolabile gels, cell spreading can be promoted at any position or time within 3D culture by controlled irradiation. These approaches provide alternative methods for externally triggered manipulation of the cell microenvironment and offer varying levels of control.
For spatiotemporal property control, several photoresponsive polymer networks and gels have been developed. These systems include organic solvent-based, photodegradable polymer networks for controlled degradation products 22, 23 , DNA-based polymer networks with photoreactive amino acids for increasing cross-linking and modulus with light 46 , photoreversible hydrogels for controlled protein release with low-wavelength UV light 47, 48 , and alginatebased hydrogels with photolabile group-caged reactive groups for the spatiotemporal controlled addition of peptides 18, 19 . Although interest and effort has grown in the development of photolabile materials, few photodegradable systems have been demonstrated for property manipulation during cell culture. Part of this relates to the challenges of developing material systems that are compatible with cell encapsulation as well as subsequent degradation mechanisms that can also be performed in the presence of cells. As to the latter, Frey and Wang 25 recently demonstrated real-time modulus control by irradiation of polyacrylamide-based photodegradable hydrogels to study how real-time modulus changes influenced 3T3 cell morphology and migration in 2D culture. Simultaneously, acrylate-based photodegradable monomers were developed and demonstrated for both cell encapsulation and controlled degradation of the physical or chemical structure of the cell microenvironment. These materials allow real-time property control in 2D and 3D cell culture and are the materials presented in this protocol. Further, the PEG-based, photodegradable gels allow tuning of modulus over a larger range (up to a 78% change, from approximately 32 kPa to 7 kPa) than do photolabile polyacrylamide gels (up to 30% change, from approximately 7 kPa to 5 kPa) so that cell differentiation can be probed in addition to cell morphology and migration. In addition, Wong et al. 42 recently demonstrated use of these photodegradable monomers and a new coumarin-based, photodegradable monomer for positive and negative feature generation with single-photon and two-photon irradiation. The coumarinbased, photodegradable gels allow degradation at lower irradiation intensities, which may be useful if a cellular system is observed to be particularly light sensitive; however, the coumarin moiety increases light absorbance within the gel, which may decrease the depth at which material properties can be tuned.
Limitations of the method
As with any light-based protocol for cell culture, there are limitations to the dose of light and the penetration depth of light. Depending on the wavelength of the light source, the total dose of light that a cell receives must be limited by controlling either irradiation intensity or time in order to avoid DNA damage and cell death. The light doses presented within this protocol allow cells to function, but as irradiation conditions are changed, cell viability and function must be assessed. In addition, absorbance of light within the gel at irradiation wavelengths of interest must be calculated to determine the attenuation of light within the gel. One can exploit attenuation to control gel surface modulus, generate a z-gradient in modulus within a gel, or surface-erode a gel by proper selection of irradiation parameters. However, with the gel composition and irradiation conditions presented here, light penetration is limited to approximately 100 µm at 365 nm and 450 µm at 405 nm, at which a gel can be irradiated from both sides to affect cells within gels that are 200 and 900 µm in thickness, respectively. The photolabile monomer concentration can be adjusted to control light absorbance and attenuation based on the molar absorptivity of the photolabile group at the irradiation wavelength of interest.
To circumvent many of the issues with light attenuation, twophoton irradiation can be used to spatiotemporally tune gel properties with exquisite control. The main limitation of this approach is that it requires access to a two-photon laser scanning confocal microscope, which is an expensive piece of specialty equipment. Further, care must be taken to maintain sterility during irradiation, and fluorophores requiring two-photon excitation below 800 nm (i.e., DAPI) cannot be used without degrading the gel.
Finally, although the current photolabile material system provides many advantages for degrading hydrogel materials and removing selected cell signals, there are many cases in which one might desire to add functionality or increase cross-linking density. The current system is limited to only removing gel material or biochemical signals. As such, advances in photoaddition chemistries, such as the sequential azide-alkyne and thiol-ene click reactions 49 , demonstrate strategies to add chemical functionality (e.g., peptide sequences) into PEG-based hydrogels. In a less controlled but practical approach, interpenetrating networks of hydrogels can be created to increase polymer density and control material properties in 3D 31, 50 . These strategies could be applied to the photolabile hydrogels, in which visible light photoinitiation at wavelengths greater than 405 nm could be used to add crosslinks, whereas UV irradiation could be used to remove them.
Experimental design
Monomer synthesis. In this protocol, several monomers are synthesized as precursors for generating photolabile hydrogels. These monomers include (i) a base PDA monomer that can be coupled to primary amine-containing molecules, (ii) a crosslinking macromolecular monomer for making photodegradable hydrogels and (iii) an asymmetric monomer with a photolabile tether for releasing peptides or other molecules of interest from nondegradable gels. The synthesis and characterization of each of these will be covered.
Photodegradable acrylate. The base photolabile group is first synthesized, or it can be purchased (photolabile precursor, EMD Novabiochem, hydroxyethyl photolinker). The synthesis method presented here for the photolabile group 8 is based on several other protocols [12] [13] [14] and is described in detail in the protocol we present here for the synthesis of large, benchscale batches. As the synthesis procedure for this photolabile group requires several reaction steps, purchasing the photolabile group and proceeding with the acrylation procedure (starting at Step 20) may be preferable for some researchers and would decrease the protocol time by approximately 6 d. To create the PDA monomer, the photolabile group is acrylated and purified to yield a small molecule monomer that cleaves in response to light and can be coupled to primary amine-containing molecules, such as peptides, proteins and PEG-bis-amine, for incorporating them within a hydrogel or within other polymer networks. The acrylate functionality could be replaced with a methacrylate or other reactive functionality for the creation of monomers with different polymerization rates or reaction mechanisms. Photodegradable cross-linker. The photodegradable crosslinking monomer is synthesized using the base PDA and PEG-bis-amine (M n ~3,400 g mol − 1 , PEG3400). The carboxylic acid on the PDA is activated and coupled to the primary amine end groups of PEG-bis-amine using SPPS chemistry. The resulting cross-linker is purified and can be used to create hydrogels for 2D or 3D cell culture, the modulus of which can be tuned or the gel eroded by light-controlled degradation. Although PEG3400 is used here to create hydrogels for 2D and 3D cell culture, this cross-linker synthesis strategy could be used to create other photodegradable macromers (macromolecular monomers). For example, the PDA could be reacted with PEG-bis-amine of varying molecular weight or functionality (e.g., multiarm PEG) or with other synthetic or natural polymers with pendant amine groups to create an array of cross-linking monomers. Photoreleasable tether. The photoreleasable tether monomer is synthesized using the PDA and a peptide bound to a solidphase support (e.g., on resin). The adhesion peptide RGDS is synthesized on resin using standard SPPS techniques. The PDA is coupled to the terminal amine of the peptide on resin following SPPS procedures. Cleavage of the peptide from resin is short ( <2 h) to avoid cleavage of the ester bond within the PDA. The resulting peptide is purified and can be used for controlling peptide presentation and cell adhesion to a nondegradable hydrogel during 2D or 3D culture. Although only synthesis of the fibronectin mimic RGDS is presented here, this tether strategy could be used for controlled release of other peptides, therapeutics or proteins with light.
Hydrogel synthesis. Photoactive hydrogels can be formed from the photodegradable cross-linker or the photoreleasable tether by redox-initiated free-radical chain polymerization (Fig. 2a) . To fabricate photodegradable hydrogels, a macromer solution of the photodegradable cross-linker PEGdiPDA (synthesized in Steps 35-40 of PROCEDURE), PEG monoacrylate and ammonium persulfate (AP) • • is prepared and aliquotted into individual tubes for each gel sample. To fabricate photoreleasable hydrogels, a base macromer solution of the nondegradable cross-linker PEG diacrylate (PEGDA), photoreleasable tether and AP is prepared and aliquotted into individual tubes for each gel sample. Addition of tetramethylenediamine (TEMED) initiates free-radical chain polymerization of the macromer solution, and this polymerizing solution can be pipetted into defined molds to fabricate insoluble hydrogels of specified geometries. The initial biomechanical and biochemical properties of the photoactive hydrogels can be tuned by changing the initial composition of the macromer solution. For example, increasing the concentration of the cross-linker in the macromer solution will lead to an increase in the elasticity of the subsequently formed gel, and acrylated or methacrylated signaling peptides can be incorporated into the macromer solution to introduce biochemical signals. Further, the concentrations of AP and TEMED can be modified to control the time required for the macromer solution to reach complete gelation. Other initiation schemes, such as thermal initiation or photoinitiation, can also be used, and we present redox initiation as a simple and robust approach for hydrogel fabrication. In general, this protocol provides the basis for fabricating photodegradable or photoreleasable hydrogels with tunable mechanical or biochemical properties, which can be formed with sample dimensions and geometries of choice. Cell culture and encapsulation. Cells can be cultured on or encapsulated with either one of the photolabile hydrogel formulations: (i) a photodegradable hydrogel formed with the photodegradable cross-linking monomer, or (ii) a photoreleasing tether hydrogel formed with the photoreleasable tether monomer and a nondegradable PEG cross-linker. In this protocol, we show encapsulation with the photodegradable hydrogel. For reference, we also have previously published the culture of cells on photodegradable gels 26 and within photoreleasable gels 8 . The base photodegradable hydrogel formulation described in the previous section is prepared, and fibronectin is added to promote cell adhesion within the gel. Although we demonstrate the entrapment of fibronectin, other large extracellular matrix proteins, such as laminin, can be added and entrapped within the hydrogel to promote specific cell interactions (e.g., selective integrin binding). With this monomer solution, cells are encapsulated based on methods described in other protocols in the literature 51 but using a redox initiation system instead of a light-based initiation system: cells are isolated and counted, and an aliquot of cells for achieving the desired cell density within the gel (in this case, 2 × 10 6 cells per ml) is centrifuged, resuspended in the monomer solution and polymerized within a mold. After polymerization (~5 min), the cell-gel construct is placed in excess medium, and the medium is refreshed repeatedly over 24 h to remove any unreacted monomer and initiator. This procedure has been used to encapsulate several different cell lines and primary cells in our lab, including PC12s (pheochromocytoma cells, a model cell line for neuronal differentiation) 52 , HT1080s (fibrosarcoma cells, a model cell line for tumor metastasis) 8 , NIH 3T3s (a fibroblast cell line) (unpublished) and hMSCs (bone marrow-derived primary cells) 8, 27 . The protocol can be easily adapted for use with a broad array of cell types at a desired cell seeding density and gel formulation.
Hydrogel degradation and patterning. A major benefit of using photolabile hydrogels is that the incorporation of the o-nitrobenzylether moiety provides a phototunable handle through which the biomechanical or biochemical nature of the gel can be tuned with light. As the user possesses both temporal and spatial control over light delivery, they can spatiotemporally control the mechanics or biochemistry of the hydrogel. In this protocol, we present the use of standard photolithography and confocal laser scanning microscopy (LSM) to pattern surface elasticity gradients, surface features and bulk features within photodegradable hydrogels. The techniques described herein can be easily translated to pattern similar gradients or regions of defined biochemical signals with photoreleasable hydrogels. Furthermore, these degradation techniques are fully cytocompatible and can be performed in the presence of cells in the same manner described below, with extra care taken when handling the samples to maintain sterility and cell viability.
Flood irradiation. Flood irradiation is irradiation of the entire gel without masking. With this technique and the photodegradable gel composition described in this protocol, the top 100 µm of the hydrogel is degraded, cleaving cross-links and decreasing the modulus of the gel. Degradation is confined to the top ~100 µm of the gel owing to light attenuation by the photodegradable group. This technique can be used to tune gel modulus during 2D cell culture or to create a z-gradient in cross-linking within • a hydrogel during 3D cell culture (up to 8 min of 10 mW cm − 2 at 365 nm). Photolithography. Standard photolithography is a powerful technique used to photopattern features in the x-y plane at the surface of photodegradable hydrogels with spatial resolution on a scale of 10 µm when using chrome masks (Fig. 2b) . Features can be transferred into the z-dimension, and the depth of feature formation depends on the irradiation conditions (intensity and wavelength) and exposure time. When patterning photodegradable or photoreleasable hydrogels with standard photolithography, there are three critical aspects: (i) light source, (ii) patterning mask and (iii) exposure time. In this protocol, we describe the use of standard photolithography with a 365-nm light source to generate gradients in elasticity and features at the surface of photodegradable hydrogels. To form the x-y gradient, an opaque mask is passed over the gel surface at a controlled rate during irradiation (up to 8 min at 10 mW cm − 2 ), and to form patterned features, a chrome mask with opaque squares is used ( >10 min at 10 mW cm − 2 ). The parameters described herein can be tuned depending on the experimental situation; however, we advocate using 365-nm light and chrome masks for best results. Exposure times can be tuned readily to generate surface gradients of varying steepness or features of variable depths. Single-photon confocal microscope. Confocal LSM with 405-nm light can also be used to pattern the surface of photodegradable hydrogels or to fabricate features within the bulk of photodegradable gels (Fig. 2c) . LSM patterning offers micrometer-scale resolution in the x-y plane and z-dimension and readily tunable feature geometry. It can easily be adapted to any confocal microscope with a 405-nm light source and region of interest (ROI) software. The user draws the desired geometry in the ROI software and subsequently irradiates the selected regions with the 405-nm light source. In this protocol, we use a 30-mW, 405-nm laser at 50% transmission (power measured at the sample to be ~1 mW) with a pixel dwell time of 3.15 µs; however, these irradiation conditions can be tuned for other microscopes and/or needs. Furthermore, LSM pattern formation offers simultaneous imaging of changes in gel structure and cell response to changes in gel structure. As the sample is already on the confocal stage, the irradiation parameters can be changed to excite fluorophores attached to the gel backbone (e.g., methacrylated rhodamine, 543 nm) to image changes in gel structure or cell labeling fluorophores (e.g., GFP, 488 nm) to image cellular responses. Degradation parameter overview. Typical irradiation parameters and associated gel degradation times are given for each of these degradation strategies in Figure 2d . Although these are typical parameters used, nuances exist for degradation with 405-nm focused, single-photon irradiation. For example, an increased 'dose' of light is received with larger x-y features (e.g., a 50-versus a 5-µm-diameter x-y circle), owing to overlapping regions of out-of-focus light, and it results in increased nonspecific z-direction degradation and patterned feature depth. These degradation parameter subtleties should be considered when planning advanced patterning experiments. If precise z-direction degradation is required within a gel (<10 µm nonspecific z-degradation), a focused, two-photon irradiation source might be preferable Binder clips Sterile syringes and needles (3-, 5-and 10-ml syringes; 18-gauge needles) UV-visible light source (mercury arc lamp; Novacure 1000 (or equivalent), EXFO)  crItIcal Use of appropriate irradiation conditions, uniform intensity and wavelength is important for achieving consistent gel property tuning under the conditions given in this protocol. For this reason, we recommend using the listed light source, or a similar light source from EXFO, with appropriate filters, light guide and collimating lens. Band-pass filters (365 nm; EXFO, cat. no. 019-01006; 400-500 nm, EXFO, cat. no. 019-01008; 320-500 nm, EXFO, cat. no. 019-01011; 405 nm, Melles Griot, cat. no. 03FIM002)  crItIcal These filters easily fit within the EXFO lamp system or on the recommended collimating lens for irradiating samples with different wavelengths of light. Liquid-filled light guide (5 mm × 1,000 mm; EXFO, cat. no. 805-00002)  crItIcal This light guide allows sample irradiation in different spatial orientations, e.g., from the top, side or bottom of a sample in a glass slide chamber or tissue culture plate, and easy variation of the light intensity at the sample by varying the distance of the light guide from the sample surface. Collimating lens (large lens with adjustable aperture; EXFO, cat. no. 810-00014; small lens, EXFO, cat. no. 810-00017)  crItIcal Light collimation is critical for uniform gel degradation over the irradiated sample area. This collimating lens simply fits on to the end of the light guide to achieve relatively even intensity over the spot area and uniform gel degradation in the x-y plane. Radiometer (Model IL1400A; International Light) Chrome photomask (PhotoSciences) . Peptide elution is monitored with UV absorbance at 220 and 280 nm. Fig. 3 ) (30 g, 180.5 mmol), DMF (150 ml) and ethyl 4-bromobutyrate (31 ml, 217 mmol) to a single-neck round-bottomed flask (500 ml) equipped with a gas adapter and magnetic stirrer. While stirring, purge the vessel with argon gas (10 min). Add potassium carbonate (37.4 g, 271 mmol), forming a suspension. Stir at room temperature (~20 °C) overnight under argon.
2|
In a large beaker or Erlenmeyer flask (2,000 ml) with a magnetic stir bar, add deionized water (1,500 ml). While stirring, pour the reaction mixture into the deionized water to dissolve the remaining potassium carbonate and precipitate the product. Stir at room temperature for 2 h. Stop stirring, and cool to 4 °C for 4 h to overnight to fully precipitate the product.
3|
Filter solution through a Buchner funnel with a qualitative filter paper using a filter flask under vacuum. Pull air through the white powder product to dry (1-2 h). Transfer the powder to a glass dish or weigh boat, and finish drying in a vacuum oven at 40 °C overnight. Verify product (compound 2, Fig. 3 ) purity with 1 H NMR in CDCl 3 . Briefly, weigh out ~6 mg of the sample, dissolve it in ~0.6 ml of the deuterated solvent, pipette the solution into an NMR tube, and measure and analyze its contents 55, 56 . Typical reaction yield is 97%.
4| Split the product from
Step 3 in half (2 × 25 g), and nitrate each portion in a separate reaction as described below (see Fig. 3 ) .
5|
For each portion, add nitric acid (70 ml) to a single-neck round-bottomed flask (1,000 ml) with a magnetic stir bar and thermometer. Cool the flask on ice until the nitric acid is less than 5 °C.  crItIcal step Heat transfer between the reaction vessel and the ice bath is important for maintaining the prescribed reaction temperature. Use a round-bottomed flask that is of at least 10 times the reaction volume.
6|
Grind the powder product from Step 3 (24.5 g, 87 mmol) with a mortar and pestle to break apart any large clumps of powder. Add the powder in small portions (~3 spatula scoops) to the nitric acid from Step 5. Allow each portion to dissolve in the nitric acid before adding the next portion (~5 min between each addition for a total addition time of ~1 h).  crItIcal step Nitration of multiple positions of the aromatic ring can create an explosive material. Do not attempt to nitrate more than 50 g of material at a time. In addition, reaction yields have been best with 25-g batches, as it is easier to maintain the reaction temperature at this scale.
7|
Once all powder has been added, remove the ice bath and heat the open reaction vessel with a water bath to 32 °C. Check the reaction temperature every 5 min. When the reaction temperature reaches 33-35 °C, place it back on ice until the mixture is cooled below 20 °C. When the reaction temperature is below 20 °C, return it to the 35 °C water bath. Repeat this process until the total time of the reaction in the water bath is 1 h. The reaction should be yellow to orange/red.  crItIcal step The reaction temperature is critical for nitration of the ortho position of the aromatic ring. Do not leave the reaction for more than 5 min without checking its temperature. If the reaction temperature is too low (never reaches 30 °C), then the reaction will be incomplete. If the reaction temperature exceeds 35-40 °C, then multiple positions will be nitrated on the ring, which makes purification difficult and is dangerous because of the explosive nature of trinitro aromatic compounds.
8|
Add the reaction mixture dropwise to chilled deionized water (1,050 ml at 4 °C) on ice in a large beaker (2,000 ml) with a magnetic stir bar, stirring vigorously. To prevent further reaction during this time, keep the reaction mixture on ice during precipitation.  crItIcal step Dissolution of nitric acid into water occurs slowly. Because of the density of nitric acid, the reaction mixture can sink to the bottom of the beaker, with precipitation subsequently occurring around the stir bar. Slowly add the reaction mixture to the deionized water. If significant clumping begins, stop adding the reaction mixture for 30 min while the nitric acid phase dissipates; keep the reaction mixture on ice during this time.
9|
Stir the precipitate mixture for 1 h at room temperature. The precipitate should be yellow to orange. Store the precipitate mixture at 4 °C overnight.
10|
Filter the precipitate mixture through a medium glass frit filter on a filter flask while creating a vacuum. Rinse the recovered product on the filter with cold deionized water (4 °C). Pull air through the filter for several hours to dry the product.
11|
Recrystallize the product from ethanol. Bring absolute ethanol (~700 ml) to a boil in an Erlenmeyer flask. Add the powder product to a beaker (1,000 ml) with a magnetic stir bar, and add boiling ethanol while stirring until the powder dissolves (usually requires less than 500 ml ethanol). If any brown clumps remain, carefully gravity-filter (qualitative filter paper on glass funnel) the solution while hot to remove these insoluble impurities. Turn off the heat, stop the magnetic stirring and let the solution and hot plate cool to room temperature. Some crystal formation may be observed here. ? trouBlesHootInG 12| Store the recrystallization solution at 4 °C overnight for complete crystallization. Filter the suspension through a medium glass frit filter and pull air through the filter to dry the yellow fine powder product (~1 h). Verify product (compound 3, Fig. 3 ) purity with 1 H NMR in CDCl 3 . Typical reaction yield is 60%.  crItIcal step If little crystallization is observed, then too much ethanol may have been added; evaporate the ethanol using a rotary evaporator and repeat the recrystallization. In addition, if NMR shows an impure product (e.g., nitration of different ring positions), repeat recrystallization (Steps 11 and 12). ? trouBlesHootInG 13| Add absolute ethanol (515 ml) and the nitrated product (30.9 g, 95 mmol) to a single-neck round-bottomed flask (1,000 ml) with a magnetic stir bar, a gas adapter for argon purge and a water bath. Purge the reaction for 10 min with argon. Heat the reaction to 38 °C using the water bath to improve the dissolution of the powder in ethanol (see Fig. 3 ).
14|
Add sodium borohydride (2.25 g, 59 mmol) in portions to the reaction solution (adding a portion every 5 min over 1 h). Bubbles of gas should be observed forming in the reaction solution. Stir at 38 °C overnight. The reaction turns a deep orange/red.  crItIcal step Hydrogen gas is evolved during this reaction. The argon purge should be vented through a Schlenk line.
Do not have open flames in the fume hood and avoid significantly larger batches.
15|
Add deionized water to a large beaker or Erlenmeyer flask (5,000 ml) with a magnetic stir bar. Slowly pour the reaction solution into the beaker. A light yellow precipitate should form. After 30 min, store the precipitate suspension at 4 °C overnight.
16|
Filter the suspension to recover product. Dry in a vacuum oven at 40 °C overnight. Verify product (compound 4, Fig. 3 ) purity with 1 H NMR in (CD 3 ) 2 SO. Typical reaction yield is 60%.
17| Grind product from
Step 16 to a fine powder (18 g, 55 mmol). Add finely ground powder and deionized water (450 ml) to an Erlenmeyer flask with a magnetic stir bar on a hot plate. Add TFA (45 ml), and heat suspension to ~90 °C, heating the reaction mixture but not boiling (see Fig. 3 ). ! cautIon Use care and proper personal protective equipment when handling TFA. It is corrosive and causes severe burns.
18|
Add additional TFA after 8 h (22.5 ml) and react overnight. Add additional TFA (22.5 ml) and react for 4 h, until brightening of the reaction mixture is not observed on TFA addition. A light yellow powder in suspension should remain.
19|
Cool to room temperature. Filter with a medium glass frit filter, and rinse with a small amount of chilled deionized water (4 °C). Dry in a vacuum oven at 40 °C overnight. Verify product (compound 5, Fig. 3 ) purity with 1 H NMR in (CD 3 ) 2 SO. Typical reaction yield is 63%.
20|
Add the photolabile group (4 g, 13 mmol, from Step 19 or purchased) to a single-neck round-bottomed flask (250 ml) with a magnetic stir bar, an addition funnel with a gas purge and a septum (see Figs. 3 and 4a) .
21|
Using two 18-gauge needles (one for gas inlet from a Schlenk line and one as gas outlet to the fume hood), purge the reaction vessel with argon (~10 min).
22|
Remove the argon inlet from the reaction vessel septum. Use argon administered from a Schlenk line to transfer anhydrous DCM (~155 ml) air free to the addition funnel through an 18-gauge metal cannula inserted into the reaction vessel septum.
23|
Return the argon purge to the addition funnel, and use the addition funnel to add DCM (~120 ml) to the round-bottomed flask.
24|
Gently lift the addition funnel off of the round-bottomed flask and inject TEA (7.45 ml, 53 mmol). Quickly replace the addition funnel on the round-bottomed flask. The photolabile group should completely dissolve. Continue the argon purge.
25|
Inject AC through the addition funnel septum (3.26 ml, 43 mmol) into the remaining DCM.
26|
Place the round-bottomed flask in an ice bath (~15 min). Add the AC-DCM solution dropwise to the round-bottomed flask (~1 drop every 5 s). The AC will react with both the alcohol and carboxylic acid on the photolabile group. Keeping the reaction on ice reduces undesired side reactions.  crItIcal step As the volume of solution in the addition funnel changes, the stopcock position may need to be adjusted to maintain the proper drop rate. If the reaction solution begins to turn brown, undesired side reactions may occur because the reaction is locally hot; to combat this, slow down the drop rate of AC solution.
27|
React at room temperature overnight. Triethylamine salts (white crystals) may form in the reaction. The reaction mixture should be orange/brown. 29| Filter the reaction mixture over alumina in a Buchner funnel with qualitative filter paper to remove TEA and TEA salts. Lightly rinse the solid residue (filtrand) with additional DCM.
30| Add filtered reaction solution (100 ml) to a separatory funnel and wash (1:1) sequentially with sodium bicarbonate solution (5% (wt/vol) aqueous) to remove any unreacted photolabile group, with dilute HCl (0.1 M aqueous) to remove any remaining TEA and with brine (10% (wt/vol) NaCl aqueous) to remove water. After each wash, allow layers to separate fully (~30 min); the DCM phase with the product is the dense, lower layer. Brine can be added to the water phase to improve separation. Add the intermediate product solution to a single-neck round-bottomed flask (500 or 1,000 ml).
31|
Evaporate the DCM using a rotary evaporator. Make an acetone:water mixture (50:50, 400 ml total), and add to the round-bottomed flask with a magnetic stir bar to dissolve the product. Stir this mixture overnight at room temperature to cleave any anhydride linkages between the acrylate and the carboxylic acid end group that were formed during the acrylation reaction. The reaction mixture should become translucent.
32|
Evaporate the acetone from the reaction solution using a rotary evaporator (do not heat above 45 °C). The orange liquid product will begin to separate from the remaining aqueous solution.
33|
Add the aqueous solution to a separatory funnel and extract the product with DCM (4 × 100 ml), using brine to improve separation of the DCM and water phases.
34|
Concentrate the product solution by rotary evaporation (~100 ml). Wash this solution (1:1) sequentially with dilute HCl (0.1 M aqueous) and brine. Dry the product solution over magnesium sulfate (~30 min or less), filter and evaporate the solvent. Verify PDA monomer (compound 6, Figs. 3 and 4b) product absorbance with a UV-visible spectrophotometer (Fig. 4c) and purity with 1 H NMR in (CD 3 ) 2 SO (Fig. 4d) . Typical reaction yield is 53%.
35|
Add PDA (2.08 g, 5.9 mmol, from Step 34) to a scintillation vial with NMP (10 ml). Vortex and lightly heat with a heat gun to dissolve. Add HBTU (2.45 g, 6.5 mmol) and HOBt (0.87 g, 6.5 mmol) to the vial and rinse with NMP (5 ml). Repeat vortexing and heating to begin dissolution. 1 H NMR shifts for the photodegradable cross-linker for synthetic verification. A few minor impurities are observed, including residual water and traces of solvents such as ether. The modification of PEG-bis-amine with the photodegradable acrylate can be quantified by comparison of PEG backbone peak integration (peak m) with peaks specific to the PDA and its coupling, including the protons associated with the acrylate group and its nearest carbon neighbor (peaks a, b, c and d), the aromatic ring (peaks f and g), the amide linkage (peak l) and the PEG repeat unit next to the PDA end groups (peak m end ). (c) MALDI-MS spectrum for the photoreleasable tether for synthetic verification. M P is the mass of the photoreleasable tether, and M D the mass of the photolytically degraded photoreleasable tether, which is created during the measurement technique by irradiation and cleavage with the MALDI-MS ionizing laser.
36|
Add PEG-bis-amine (2.5 g, 0.73 mmol) to a scintillation vial with NMP (15 ml). Vortex and lightly heat with a heat gun to dissolve.
37| Add PDA, HBTU and HOBt in NMP from
Step 35 to a single-neck round-bottomed flask with a magnetic stir bar and gas adapter. Rinse the scintillation vial with a small amount of NMP (~5 ml) to insure that the entire contents are added. Add DIEA (2.05 ml, 11.8 mmol) and stir the reaction solution, noting the color change from orange to red/brown, indicating activation of the PDA carboxylic acid (5 min). Add PEG-bis-amine in NMP from Step 36, rinsing the scintillation vial with NMP (~5 ml), and purge the reaction with argon (Fig. 5a). 38| Stir the reaction overnight. Precipitate in ice-cold ethyl ether using eight 50-ml centrifuge tubes, each containing 40 ml of ether and evenly split the reaction solution added dropwise. Vortex solution, balance weights and centrifuge (5 min at 4 °C with 1,000g). Decant off ether and repeat ether wash twice. Place centrifuge tubes under vacuum overnight to remove any remaining ether. Some NMP will remain with the precipitate, making it a soft solid.
39|
Dissolve the product in deionized water (100 ml), vortexing and stirring to break apart any clumps. A cloudy orange suspension will be formed. Centrifuge this mixture (4 × 30 min at 4 °C with 1,400g) to sediment out the precipitated HBTU/ HOBt by-products. Decant off the translucent yellow/orange product solution. Dialyze the solution against deionized water (5 liters) for 3 d at room temperature, refreshing the deionized water 3 times per day. Additional precipitate may sediment over this time to the bottom of the dialysis tubing. ? trouBlesHootInG 40| Recover the translucent, dialyzed product solution, and then freeze and lyophilize it until a dry powder is observed (~2-3 d). Verify product purity (compound 7, Fig. 5a ) with 1 H NMR in (CD 3 ) 2 SO (modification of PEG with PDA ~85-90%) (Fig. 5b) . A few trace impurities may be observed in the NMR spectrum, such as residual water that is difficult to remove from PEG-based products or ether. Typical reaction yield is 70%.
41| Using a peptide synthesizer or following standard SPPS procedures 57 , we recommend synthesizing the peptide sequence Glycine-Arganine-Glycine-Aspartic Acid-Serine-Glycine (GRGDSG) on resin. Do not cap the final amine terminus of the peptide.  pause poInt Peptide on resin can be stored at − 20 °C for a few days before PDA coupling.
42|
In a small peptide reaction vessel or a scintillation vial, swell resin in DCM (10 ml) for 30 min.
43|
Rinse with DCM (3 × 5 ml). Rinse with NMP (3 × 5 ml). Remove NMP.
44|
Add PDA (0.353 g, 1 mmol, from Step 34), HBTU (0.417 g, 1.1 mmol), HOBt (0.149 g, 1.1 mmol) and NMP (~2 ml) to a scintillation vial. Intermittently vortex and gently heat to dissolve. Add DIEA (0.348 ml, 2 mmol). Vortex and allow to activate for 5 min; a color change should be observed. Add the reaction mixture to the reaction vial containing the resin. Rinse the scintillation vial several times with NMP to insure that all of the solution is added such that the total amount of NMP does not exceed 10 ml (Fig. 5a). 45| Stir the reaction overnight at room temperature. Remove the reaction solution, retaining the resin. Wash the resin with NMP (3 × 5 ml) and DCM (3 × 5 ml).
46|
Using the ninhydrin assay 57 , you should verify that all amines on the resin have been reacted. If amines are still present, repeat Steps 43-46.
47| Add 95% (vol/vol) TFA, 2.5% (vol/vol) TIPS and 2.5% (vol/vol) deionized water to the vial containing the resin and react for 1 h to cleave the peptide.  crItIcal step This cleavage time is shorter than typically prescribed for peptide cleavage ( >2 h) and is used to maintain the ester bond of the PDA. This cleavage time may need to be adjusted for different peptide sequences, as amino acid deprotection times vary.
48|
Remove the cleavage solution from the resin and precipitate in ice-cold ethyl ether in two 50-ml centrifuge tubes. Pellet the precipitate by centrifugation (5 min at 4 °C with 1,000g), and decant to remove the ether. Wash the peptide twice with cold ethyl ether and desiccate overnight under vacuum.
49|
Purify the peptide by HPLC using a gradient of 5:95 acetonitrile:water to 95:5 with 0.1% (vol/vol) TFA over 70 min at 20 ml min − 1 on a C18 preparatory column. Monitor peptide elution with UV absorbance at 220 nm, at which the peptide backbone strongly absorbs, and at 280 nm, at which the photolabile group strongly absorbs. Collect the product eluting at ~35 min, when the collected effluent is a translucent yellow and strongly absorbs at 280 nm, indicating the presence of the PDA. The exact elution time may vary by several minutes depending on the column type and exact amount of TFA added to the HPLC solvents.
50| Mix an aliquot of the purified product solution (~1 µl) with the matrix molecule α-cyano-4-hydroxycinnamic acid solution (~1 µl), and verify peptide purity with MALDI-MS (Fig. 5c, [M P + H] ). The MALDI laser can photolytically cleave the PDA, so a small amount of photodegraded peptide may also be observed in the MALDI-MS trace (Fig. 5c [M D + H] ).
51|
Freeze the purified peptide (compound 8, Fig. 5a ) solution in 50-ml centrifuge tubes and lyophilize until a dry powder is observed (2-3 d) . Store the powder at − 20 °C until use. Typical reaction yield is ~50%. . If you will be fabricating photodegradable gels for cell encapsulation, prepare a stock of fibronectin (1 mg ml − 1 in PBS), or if you will be imaging the gels, prepare a stock of methacrylated rhodamine (MeRho, 1.7 mM sterile filtered).
Hydrogel synthesis

57|
Prepare hydrogels using option A for photodegradable hydrogels and option B for photoreleasable hydrogels. (Fig. 6a) .  crItIcal step If you plan to image these gels fluorescently (e.g., for examining gel patterning), substitute 7.5 µl PBS with MeRho solution (for a final concentration of 300 µM), and if you plan to seed cells on or encapsulate cells (ii) Add 4 µl AP solution for each gel to the macromer solution prepared in Step 57A(i) and aliquot the macromer solution into 38 µl volumes into individual 0.7 ml Eppendorf tubes for each gel to be prepared.  crItIcal step Once the AP has been added to the macromer solution, it should be used within ~30 min. Further, at this point the initial properties of the gel, such as cross-linking density and biofunctionality, can be tuned by altering the concentrations of the components in the macromer solution, entrapping other proteins than fibronectin or incorporating other acrylated/methacrylated moieties. If the amount of photodegradable monomer is altered, the final concentrations of AP and TEMED will need to be adjusted as the o-nitrobenzylether moiety is an effective radical scavenger. As the concentration of photodegradable cross-linker is increased, the concentration of AP and TEMED should be increased to achieve gelation, and as the concentration of photodegradable cross-linker is decreased, the concentration of AP and TEMED should be decreased so that the solution does not gel too rapidly. As adjustments are made, the changes in volumes should be supplemented with PBS to maintain the total volume at 40 µl per gel.
? trouBlesHootInG (B) photoreleasable gels (i) To prepare 40-µl photoreleasable gels, combine 16.4 µl PEGDA solution, 6.8 µl PEGA solution, 4 µl photodegradable tether solution and 5.4 µl PBS for each gel (Fig. 6b) .  crItIcal step If you plan to image fluorescently the presence of the photoreleasable tether within these gels (e.g., for examining spatially specific tether removal), a fluorescently tagged photoreleasable tether should be used as described in reference 8. (ii) Add 2 µl AP solution for each gel to the macromer solution prepared in Step 57B(i) and aliquot the macromer solution into 39-µl volumes into individual 0.7-ml Eppendorf tubes for each gel to be prepared.  crItIcal step Once the AP has been added to the macromer solution, it should be used within ~30 min. Further, at this point the initial properties of the gel, e.g., cross-linking density and biofunctionality, can be tuned by altering the concentrations of the components in the macromer solution. If the amount of photodegradable monomer is altered, the final concentrations of AP and TEMED will need to be adjusted as the o-nitrobenzylether moiety is an effective radical scavenger. As the concentration of photoreleasable tether is increased, the concentration of AP and TEMED should be increased to achieve gelation, and as the concentration of photoreleasable tether is decreased, the concentration of AP and TEMED should be decreased so that the solution does not gel too rapidly. As adjustments are made, the changes in volumes should be supplemented with PBS to maintain the total volume at 40 µl per gel. ? trouBlesHootInG 58| Prepare hydrogels without encapsulated cells using option A, which can be used for gel patterning without cells or for 2D cell culture, or with encapsulated cells, which can be used for 3D cell culture, using option B.
(a) Hydrogel formation without encapsulated cells (i) Prepare an acrylated coverslip with a 254-µm silicon gasket (Fig. 6c, Stage 1) , a nonacrylated coverslip, three small binder clips and a P200 Pipetman (set to 40 µl) with a tip. (ii) Whether producing photodegradable or photoreleasable gels (Step 57 option A or B), take one of the 0.7 ml Eppendorf tubes with an aliquot of macromer solution. While mixing the macromer solution vigorously, add 2 µl TEMED for photodegradable cross-linker gels and 1 µl TEMED for photoreleasable tether gels (Fig. 6c, Stage 2) . Take the solution to the prepared coverslip mold from Step 58A(i) and pipette the 40-µl solution into the center of the void in the silicon gasket (Fig. 6c, Stage 3) . Cover the solution with the nonacrylated coverslip, close the mold and clamp with binder clips (Fig. 6c, Stage 4) .  crItIcal step Once TEMED is added, the macromer solution will begin to gel within ~30 s; therefore, the transfer to the prepared mold should be rapid. (iii) Allow the solution to gel in the mold for ~5 min. On gelation, open the mold carefully with a razor blade (Fig. 6c , Stage 5) and place the formed gel (Fig. 6c, Stage 6 ) into ~4 ml PBS (or enough to fully cover the gel) to allow unreacted monomer and initiator to diffuse out. Refresh the PBS after ~ 30 min, 4 h and 12-24 h. To study how dynamic cell-material interactions influence cell function in 2D culture, cells of interest can be seeded on photodegradable gels with entrapped fibronectin at this step as described in reference 26 and Step 59B (vi) , or on photoreleasable tether gels (A.M.K. and M.W.T., unpublished data).
 pause poInt The gels should remain attached to the coverslip for 10-14 d and can be used for degradation or cell seeding at any time. To maintain sterility, it is recommended to keep the gel submerged in sterile PBS in an incubator for the duration of use.
(B) Hydrogel formation with encapsulated cells and cell viability assessment (i) All operations described in this section should be performed using sterile technique. Prepare the base monomer solution as described in Step 57A and add fibronectin (225 nM) to promote cell adhesion within photodegradable hydrogels, or prepare the base monomer solution described in Step 57B without the addition of fibronectin for photoreleasable tether hydrogels. Prepare a rectangular mold from two glass microscope slides and a 254-µm-thick medical-grade silicon rubber gasket. (ii) Aspirate media from hMSCs on 100-mm dishes. Rinse the plated cells with PBS (5 ml per plate) to remove any remaining media and incubate with 1× trypsin (4 ml per plate for ~6 min at 37 °C) to detach the cells from the plate. Quench the trypsin with fresh media (2 ml per plate); collect the detached cells and count an aliquot of cells (2 × 10 µl) with a hemocytometer while the collected cells are pelleted by centrifugation (5 min at room temperature with 200g). (iii) Resuspend the cells in a small amount of medium (~1 ml), and take an appropriate aliquot to achieve a cell density of 2 × 10 6 cells per ml in the monomer solution. Pellet this aliquot of cells by centrifugation (5 min at room temperature with 200g) in an Eppendorf tube (1.7 ml), remove the medium and resuspend in the monomer solution (Fig. 7a) .  crItIcal step Take care to triturate cells gently in the monomer solution to break apart any cell clusters and suspend cells individually within the gel for probing cell-material interactions. (iv) Similar to Step 58A(ii), add TEMED to the monomer-cell solution while vortexing, and pipette the polymerizing solution quickly into the glass mold.  crItIcal step As redox initiation is used, polymerization begins as soon as TEMED is added, and molding gels within this time constraint ( <1 min before the onset of gelation) may take practice. (v) After 5 min of polymerization, submerge the mold in medium and open it with a sterile razor blade. Remove the top glass slide, and transfer to a well of a six-well plate (~4 ml of medium per well) using sterile metal spatulas. Replace the medium in the wells after 30 min, 4 h and 24 h to insure that all unreacted monomer and initiator components are removed. (vi) Incubate culture plates at 37 °C, and refresh the medium every 2-3 d. Verify cell viability using the assays described in Box 1.
Hydrogel degradation and patterning • tIMInG ~1-3 h 59| Spatiotemporal hydrogel degradation and patterning can be achieved using option A (flood irradiation for z-gradient formation), option B (photolithography for pattern formation), option C (photolithography for gradient formation) or option D (degradation with a confocal microscope): at 365 nm), compared with photodegradable gels without irradiation (control) (P < 0.001), but the two conditions are similar ~24 h after irradiation (48 h in 3D culture). (c) Irradiation of the hydrogels for up to 8 min (10 mW cm − 2 at 365 nm) creates a z-gradient in degradation and gel cross-linking density (ρ x ) 27 . Cells were imaged on day 4 in culture after irradiation for 8 min on day 1. This 3D gradient in cross-linking density can be used to study how gel density influences cell function in 3D culture. hMSCs labeled with CellTracker Green are observed spreading in lower cross-linking density regions of the gel (right, confocal slice overlaid with bright field) as compared with regions with high cross-linking density (left), and increasing cell area in response to this z-direction degradation gradient is observed and quantified with image analysis (table, ρ x normalized to its initial, nondegraded value, ρ xo ) 27 . (ii) Attach an opaque rectangle, such as a piece of foam board (Fig. 8b) , to the drive shaft of a syringe pump, such that the foam board will move with the drive shaft. Align the edge of the foam board to be flush with one edge of the gel so that all of the gel is initially exposed to the light source. (iii) Set the syringe pump diameter to 1.1283 mm, such that an infuse rate of 1 µl min − 1 will be equal to movement of 1 mm min − 1 . Start the syringe pump at the same time as the light source shutter is opened. Irradiate the sample for up to 8 min; this will ensure that 8 mm of the gel will be covered by the end of the irradiation and that a gradient in degradation will be created over the first 8 mm of the gel. (iv) Repeat Step 59A (iv) . (v) Cells can be seeded on the gels before (see Step 58A(iii)) or after (Fig. 8c ) gradient generation to probe the effect of modulus and/or modulus gradient steepness on cell function. (vi) To seed cells on gels, place each hydrogel of interest from Step 58A(iii) in an individual well of a six-well sterile culture plate (non-tissue culture treated or ultralow adhesion) and incubate with medium. Trypsinize cells from a standard tissue culture plate, and count the number of cells within an aliquot of cell suspension while the rest is centrifuged as described in Step 58B(ii). Remove the medium-trypsin mixture from the cell pellet by gentle aspiration, and resuspend the pellet in 1 ml medium. Take an aliquot of this concentrated cell suspension, and dilute it in medium so that ~3 ml cell suspension will be added to each well of the six-well plate to achieve a desired cell seeding density, which varies by cell type and experiment from ~1,000 to 50,000 cells per cm 2 . Aspirate off medium from gel samples, and cover each with 3 ml diluted cell suspension. Incubate cells under standard tissue culture conditions, allowing cells to attach overnight before additional sample processing. (vii) To change the sample modulus during culture, irradiate two samples at the time within the six-well culture plate for up to 5 min. To maintain sterility during irradiation, leave the plate lid on during irradiation and increase the light intensity (a) To pattern photolabile hydrogels with standard photolithography, a mask is placed between a collimated light source and the gel surface. For proper pattern transfer, it is important that the light be well collimated with a collimating lens and that the mask be appropriately placed above the hydrogel surface. (b) Photopatterning can be used to form gradients in elasticity or biochemical signals in photolabile hydrogels by gradient masking. Briefly, the sample is placed in a PBS or medium-filled chamber, and a syringe pump is used to slowly cover the sample so that the sample receives a gradient of light, which induces a gradient in photocleavage. (c) Gradient substrate modulus in two dimensions can be used to screen its effect on cell functions such as differentiation (left). With modulus gradients created by photodegradation, the minimum modulus for activation of valve fibroblasts into myofibroblasts, a wound-healing cell phenotype, was established and assayed by immunostaining for α-smooth muscle actin (αSMA green; nuclei blue) (middle) 26 . Cell migration in response to modulus can also be assayed on these substrates (right, traces of the x-y position of individual cells taken in 15-min intervals over 3 d) 26 . Although a static gradient is shown here, the steepness and direction of the gradient can be changed temporally in the presence of cells with irradiation. Findings from two dimensions can subsequently be translated into 3D culture with the same gel formulation for comparison of cell response in two and three dimensions. Scale bar, 100 µm. (d) Photopatterning can also be used to generate features at the surface of photolabile hydrogels using a chrome mask. To ensure pattern transfer, you should use a well-collimated light source and rest the chrome mask just above the gel surface on glass slides or cover glass. antIcIpateD results This protocol provides a detailed procedure for the synthesis of photolabile monomers and hydrogels and their use in 2D and 3D cell culture for dynamically controlling cell-material interactions. Anticipated NMRs for the monomer syntheses are provided below (see Fig. 3 , reactions a-f). Examples of 3D and 2D cell culture results are shown in Figures 7 and 8 , in which in situ manipulation of gel modulus and cross-linking density has been explored for examining their effect on cell differentiation and morphology, respectively. In addition, viability and metabolic activity of hMSCs after encapsulation and irradiation are shown in Figure 7 . Finally, typical examples of gel degradation in two dimensions and in three dimensions through controlled irradiation are shown in Figures 8 and 9 .
synthesis of photolabile group (reaction a) White solid,
